Plasmonic nanostructures have been broadly investigated for enhancing many photophysical properties of luminescent nanomaterials. Precisely controlling the distance between the plasmonic nanostructure and the luminescent material is challenging particularly for the large-scale production of individual nanoparticles. Here we report an easy and reliable method for the large-scale dewetting of plasmonic gold nanoparticles onto core-shell (CS) upconversion nanoparticles (UCNPs). A commensurate NaYF 4 shell with a thickness between 5 nm and 15 nm is used as a tunable spacer to control the distance between the UCNP and the plasmonic gold nanoparticles. The upconversion emission intensity of single gold decorated core-inert shell (Au-CS) UCNPs is quantitatively characterized using a scanning confocal microscope. The results demonstrate the highest feasible enhancement of upconversion emission and a record reduction in lifetime for UCNPs fabricated in this manner. The Au-CS UCNPs are further investigated by simulation and synchrotron near edge X-ray absorption fine structure (NEXAFS) analysis. † Electronic supplementary information (ESI) available: General procedures, simulation details, additional TEM/SEM images of the synthesized materials, simulation results, additional NEXAFS/XRD spectra, additional scanning confocal images and an optical path diagram of the confocal scanning microscope. See
Introduction
The sequential absorption of two or more low energy photons to emit one higher energy photon is the process referred to as photon upconversion. 1 The current upconversion research is focused on developing upconversion nanoparticles (UCNPs), 2 with sizes in the range of 5 to 100 nm for applications such as bioimaging, 3, 4 biosensing, 5 nanoscopy, theranostics, anticounterfeiting, displays and photovoltaics. 6 One of the most efficient UCNP materials, lanthanide ion (Ln 3+ ) doped β-NaYF 4 host nanocrystals, still suffers a low quantum yield (ϕ < 5%), 7 which is far lower than the theoretical value for the twophoton process of upconversion (ϕ = 50%), 8 limiting the practical applications of UCNPs.
To address this issue, a number of methods have been applied to enhance upconversion emission including host lattice manipulation, surface passivation, energy transfer modulation, broadband sensitization, surface plasmon coupling and photonic crystal engineering. 9 Plasmonic nanoparticles of noble metals such as gold (Au) and silver (Ag) with tunable visible light absorption and scattering are frequently used to couple with UCNPs to enhance their upconversion emission. This plasmonic enhancement is typically dependent on the size, shape and composition of the noble metal nanoparticles used as well as the distance between the UCNPs and noble metal nanoparticles. 10, 11 These factors have led to both Au and Ag being used for plasmonic coupling in the forms of spherical nanoparticles, 12 nanowires, 13 nanoislands 14 and lithographically patterned nanoarrays. 15 In this work, Au is easily produced into uniform spherical nanoparticles by sputtering, thermal annealing and dewetting. Dewetting is the disaggregation of a thin film into discrete particles, mediated by a minimisation of surface energy. 16 This dewetting method allows the shape and size of the Au nanoparticles to be precisely controlled on a large scale so that their plasmon resonance can be tuned to match the emission wavelength of Er 3+ emitters in NaYF 4 UCNPs 17 by simply varying the film thickness, annealing temperature and annealing time. 18, 19 Secondarily, the annealing during the dewetting of the Au onto the surface of the CS UCNPs promotes the diffusion of Ln 3+ dopants within the UCNPs, reducing internal crystal defects which can lead to an increased quantum efficiency. 20 The design, consisting of an optically active UCNP core, an inert shell spacer and satellite plasmonic Au nanoparticles decorated on the shell, is chosen to suit the dewetting method for a large-scale assembly of Au nanoparticles onto single and mono-dispersed hybrid CS UCNPs. Fundamental to this design is the spacer which is vital for minimising the nonradiative energy transfer which causes luminescence quenching due to the direct contact of the UCNPs with the Au nanoparticle surface. 12 From this design, similar structures have been previously fabricated including both metal core-spacer-UC shell nanoparticles [21] [22] [23] and UC core-spacer-metal shell nanoparticles 24, 25 as summarised in Table S1 . † However, these previous studies relied exclusively on a spacer of metal, polymer or SiO 2 for attaching the Au nanoparticles by solution processing, which inhibits the plasmonic enhancement of luminescence due to the apparent parasitic absorption by these materials at the thicknesses required for optimum enhancement. 26, 27 This limitation is overcome in this work by a third enhancement method using an undoped inert crystal shell. The thickness of inert shells is highly controllable and can be varied, allowing nanometre control by adjusting the concentration and amount of the shell precursor added during the epitaxial growth. [28] [29] [30] Inert shells of the host crystal (NaYF 4 devoid of Ln 3+ ) are employed to achieve both a reduction in surface defects to enhance the luminescence 31 and functionality as the spacer in the design. To the authors' knowledge, this integrated method constitutes the first combination of core-shell UCNPs, annealing and plasmonic enhancement in a single process to produce a singularly enhanced UCNP. Fig. 1(C) of the Au-CS UCNPs, and it highlights that the method can produce well-dispersed single Au-CS UCNPs. The far separated CS UCNPs coated with Au can be used directly for single nanoparticle luminescence measure-ment. XPS survey spectra of both 55 nm CS UCNPs and the asobtained Au-CS UCNPs after dewetting in Fig. 1(D) confirm the composition of the samples. The presence of Na, Y, F and Yb in both spectra can be attributed to the CS UCNPs and the C and O peaks result from adventitious carbon. 32 The additional Au peak is only present in the Au-CS UCNPs after dewetting. High surface density samples were prepared for XPS on a Si substrate. The absence of Si signals in both spectra indicates that XPS signals arise from the UCNP films with no contributions from the silicon substrate. As a result, the entire Au signal is detected from the dewetted Au nanoparticles on the CS UCNPs rather than Au dewetted on the surface of the substrate.
Results and discussion
The dewetting treatment at 400°C for 1 hour is not only crucial to convert the Au film into discrete nanoparticles of specific size 18 on the CS UCNPs surface, but it is also the optimum condition to prevent the CS UCNPs from aggregating and changing the phase. The XRD characterization in Fig. S2 (C) † on the CS UCNPs before and after annealing at 400°C for 1 hour shows that the CS UCNPs retain their β phase. 33, 34 To investigate the effect of annealing on the diffusion of Er and Yb dopants within the CS UCNPs, Near Edge X-ray Absorption Fine Structure (NEXAFS) analysis was conducted at the Australia Synchrotron. NEXAFS analysis in partial electron yield (PEY) and total fluorescent yield (TFY) using a modified procedure 35 was performed to measure the re-distribution of the Er and Yb dopants in the CS UCNPs due to the annealing process. Fig. 2 (A & C) shows NEXAFS spectra in TFY mode which probes the entire UCNP volume. The TFY intensity for both Er ( Fig. 2A) and Yb (Fig. 2C ) before and after annealing is the same, and this indicates that for both samples, the surface coverage of UCNPs on the substrate is approximately equal. In PEY mode, the NEXAFS spectra are being primarily generated from only the shell volume allowing for any change in the distribution of the dopants to be identified. For both Er (Fig. 2B) and Yb (Fig. 2D ) after annealing, there is an increase in the intensity in the PEY spectrum. This suggests a denser Yb and Er dopant distribution towards the surface of the CS UCNPs after annealing, indicating that both dopants have diffused further from the core towards the inert shell during the annealing process. The driving force for the diffusion would be the concentration gradient of the dopant from the core nanocrystal to the inert shell accelerated under the annealing conditions. As the surface coverage was approximately equal, the relative increase of dopants diffused towards the shell after annealing can be estimated to be a factor of 3.8 and 4.4 for Er and Yb, respectively. As expected, the increase in Yb is higher than Er due to the higher concentration gradient of Yb to Er (20% to 2%) across the CS UCNPs. The same result was demonstrated by the CS UCNPs and Au-CS UCNPs with a 15 nm shell. The results are shown in Fig. S2 , † in which a relative increase in Yb after annealing is estimated to be a factor of 1.9. The diffusion of the dopant ions from the core UCNPs to the inert shell firstly produces a reduced effective distance between the Au nanoparticles on the inert shell and the active core UCNPs. Concurrently, this diffusion also confirms that the annealing has facilitated an increase in the diffusion coefficient of the Ln 3+ dopants producing an improved and refined crystal from internal defect removal during diffusion. 20, 34 To study the surface plasmon resonance of the Au-CS UCNPs system, the luminescent emission of CS UCNPs and the optical transmission of the dewetted Au nanoparticles were characterized. As shown in Fig. 3(A) , the Au nanoparticles of size 15 nm produced from dewetting show a broad absorption peaked at 540 nm. The luminescent emission of the CS UCNPs shows the green emission at 525 nm and 540 nm and the red emission at 650 nm and 660 nm. The surface plasmon resonance of the Au nanoparticles overlaps precisely with the green emissions which are the radiative transitions of ( 2 H 11/2 , 4 S 3/2 ) → 4 I 15/2 of Er 3+ from the UCNPs as shown in Fig. 3(B) .
To investigate the luminescence performance of the Au-CS UCNPs, the emission intensity of single CS UCNPs, annealed CS UCNPs and assembled Au-CS UCNPs were recorded using a purpose-built scanning confocal microscopy system for single nanoparticles. 36, 37 The scanned images of Fig. 4 show the single nanoparticle emission images of the core UCNPs (A), CS UCNPs with a 5 nm, 10 nm and 15 nm inert shell (B-D), core Au-UCNPs (E), and Au-CS UCNPs with a 5 nm, 10 nm and 15 nm inert shell (F-H), respectively. Fig. S3 † additionally shows the annealed CS UCNPs scanned images of the core UCNPs (A), and CS UCNPs with a 5 nm, 10 nm and 15 nm inert shell (B-D) after annealing under identical conditions but without an Au film. Single UCNPs can be reliably identified using this method due to their near identical emission intensity. The summary of these emission intensity measurements in Fig. 4 (I) has the CS UCNPs' emission enhancement saturated at a shell thickness of 5 nm and above as reported previously, 31 while the luminescence intensity of the annealed CS UCNPs without Au displays an insignificant variation to the CS UCNPs with increasing shell thickness. This result is expected from the XRD results in Fig. S2 (C) † that show the annealed CS UCNPs retained their β phase. It also suggests that any luminescence enhancement resulting from the improved crystal quality obtained by the reduction of internal defects during the diffusion of dopants as demonstrated by the NEXAFS results in Fig. 2 has been effectively cancelled out by the increase in the distance between the dopant Yb and Er ions this diffusion would cause. This increase in distance between the dopant ions would reduce the probability of energy transfer between Yb-Yb and Yb-Er reducing upconversion emission. On the other hand, the luminescence intensity of the CS UCNPs decorated with dewetted Au nanoparticles (Au-CS UCNPs) demonstrates a clear dependence on the shell thickness. A maximum enhancement factor of 5.5 for total emission is achieved by the 10 nm shell Au-CS UCNPs. This maximum enhancement factor at a separation of 10 nm is consistent with the simulation results in Liu's work. 38 These simulations ascribe the total enhancement ( f tot ) from the Au nanoparticle to be a product of the excitation enhancement from the local E-field intensity (E) and the emission enhancement from the increased Purcell factor (F) plus antenna efficiency (η a ). As η a is related to the initial quantum efficiency (η 0 ) of the UCNPs, f tot from the Au nanoparticle is highly dependent on the η 0 of the UCNPs, with a higher η 0 resulting in substantially lower total enhancement factors, i.e. η 0 = 0.1% and f tot = 30 vs. η 0 = 10.0% and f tot = 5. The coating of an inert shell onto a UCNP increases the quantum efficiency by reducing surface defects, 6, 8 so does the annealing of certain UCNPs by reducing internal defects. 20 In this work, both processes are applied cooperatively to the UCNPs. Simulations of the initial quantum efficiency attenuation to the internal defect density in Fig. S4(B) † show that the η 0 of UCNPs is highly dependent on the density of internal defects. This explains the modest total enhancement factor of 5.5 to be a value approaching the highest feasible factor achievable for the already highly efficient annealed CS UCNPs.
To further verify the surface plasmonic effect of Au nanoparticles on the CS UCNPs, we compared the lifetime of the single CS UCNPs and Au-CS UCNPs. The CS UCNPs display in Fig. 5 (A) a common trend of increased lifetime with increasing shell thickness due to the nature of the lifetime of the Yb 3+ 2 F 5/2 energy level increasing continuously with the inert shell thickness as non-radiative surface-quenching processes become passivated more effectively. This increased Yb 3+ 2 F 5/2 Fig. 5 Single nanoparticle lifetime measurement recorded for CS UCNP (A), Au-CS UCNP (B) and both single CS UCNP and single Au-CS UCNP on a semi-log plot (C). The laser power was fixed at 20 mW, which was measured at the objective back aperture. The luminescence lifetime of the CS UCNPs decreases by more than an order of magnitude after decorating with dewetted Au nanoparticles. lifetime allows more time for the excitation energy to migrate through the nanocrystal, increasing the probability of energy transfer to an Er 3+ . 31 For all Au-CS UCNPs, a significant reduction in total lifetime was observed as shown in Fig. 5(B) . The total lifetime of the Au-CS UCNPs was reduced at a maximum by a factor of 25, and this magnitude is clearly shown in Fig. 5(C) . This approached the same magnitude as the lifetime of the laser used in the system measured at 2.3 µs to verify the sensitivity of the system.
The decrease in emission lifetime for all Au-CS UCNPs is significant being among the highest recorded for plasmonic coupling 39, 40 demonstrating the competition between two processes occurring, the Purcell effect and quenching from Förster-type energy transfer (FRET). 41 The first process is the Purcell effect, which can increase the radiative recombination rate of an emitter by increasing the local density of transition states, thereby enhancing the emission intensity and reducing the emission lifetime. For upconversion emitters, e.g. Er 3+ , the intrinsic non-radiative recombination rate is much faster than the radiative decay rate, 42 thus the change in the total lifetime of the emitter is dominated by the change in its radiative rate. Therefore, the total lifetime of Au-CS UCNPs is dramatically reduced, as its emission wavelength matches with the plasmonic resonance of the Au nanoparticles as shown in Fig. 3(A) , which is consistent with previous research. 43 Förster-type energy transfer (FRET) is the other process where the carriers on the emitter's energy level directly interact with the Au nanoparticles, leading to a reduction in both the emission intensity and lifetime through increasing the nonradiative rate. FRET is still significant when the effective separation distance between the dewetted Au nanoparticles and Er 3+ emitters is below 15 nm (ref. 38) , especially for the Au-CS UCNPs due to the direct contact of Au nanoparticles with the surface of the CS UCNP NaYF 4 host material.
The competition between the Purcell effect and FRET has been explored in the Au-CS UCNPs through the lifetime measurements. As a result of the competition, the lifetime of Au-UCNPs (11 µs) is longer than that of the Au-CS UCNPs with a shell thickness of 5, 10 and 15 nm, as shown in Fig. 5  (B) . As the shell thickness is increased to 15 nm, the influence of FRET starts to diminish; however, the lifetime of the Au CS UCNPs is still an order of magnitude lower than the CS UCNPs lifetime, indicating that the Purcell effect dominates over the FRET. Further evidence of the dominant role of the Purcell effect is the decreased intensity in Fig. 4 (I) and the increased lifetime in Fig. 5(B) and (C), as the shell thickness is increased beyond 10 nm on the Au-CS UCNPs. The thicker shell will reduce the Purcell effect, thereby reducing the radiative recombination rate, which leads to a decrease in intensity and an increase in lifetime.
Conclusion
The novel combination of CS UCNP synthesis, thermal annealing and dewetting of Au explored in this work produces Au-CS UCNPs that exhibit the optimized plasmonic enhanced single particle upconversion emission. This enhancement is strongly dependent upon the thickness of the inert shell with a maximum enhancement factor of 5.5 in total emission intensity achieved by the 10 nm shell Au-CS UCNPs. The design and integrated method of fabrication of these Au-CS UCNPs represents a new direction in the research on the plasmonic enhancement of upconversion emission.
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